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This study introduces an environmentally friendly technique for copper nanoparticle synthesis utilizing
Malpighia glabra fruit extract under the sonication treatment. The synthesis process and phenol red
removal were optimized by a central composite full and response surface design. Highly pure and
spherical-shaped copper nanoparticles with an average size of 22.5 nm were formed using 7.4 mL of
Malpighia glabra fruit extract and 21.9 mM (AcO),Cu. Additionally, the extract-mediated nanoparticles
opposed the negative charges with a zeta potential of —11.8 mV and high stability of 30 days storage
time. The sonication-assisted nanoparticles exhibited the highest inhibition against Gram-positive
bacteria (Bacillus subtilis and Staphylococcus aureus), MCF7 human breast cancer cells, and Fusarium
solani with 50% inhibition concentrations reaching 12, 0.82, and 80 ppm, respectively. Additionally, the

green-synthesized nanomaterials functioned as an effective catalyst to remove phenol red. A conversion
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21.5 ppm copper nanoparticles and 51.8 mM NaBH,. This research highlights the potential of Malpighia

DOI: 10.1039/d4ra06087c glabra fruit extract in the sustainable production of copper nanoparticles, with promising applications in
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1. Introduction

Nanotechnology has emerged as a pivotal field with profound
implications spanning diverse scientific disciplines, presenting
unprecedented opportunities in materials science, medicine,
electronics, and environmental remediation. Amidst the vast
array of nanomaterials, copper nanoparticles (Cu NPs) have
drawn substantial attention due to their exceptional electrical,
thermal, catalytic, and biomedical attributes." The methods
employed for Cu NPs synthesis not only dictate their dimen-
sions and structure but also exert a profound influence on their
physicochemical characteristics,>* thereby shaping their suit-
ability for specific applications. Consequently, the synthesis of
Cu NPs has become a central research focus, marked by
relentless endeavors to refine their production methodologies
and intrinsic properties. Recent years have witnessed an esca-
lating emphasis on sustainable and eco-friendly approaches to
nanoparticle synthesis. One such pioneering method revolved
around the utilization of natural extracts teeming with bioactive
compounds, serving as eco-friendly reducing agents. This
innovative approach not only aligned with the principles of
green chemistry but also conferred distinctive attributes upon
the resultant nanoparticles.*®
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biomedicine, agriculture, and environmental remediation.

In this context, Malpighia glabra (M. glabra), commonly
recognized as ‘acerola’ or the ‘cherry of the Antilles’ has been
suggested as a new candidate for creating nanoparticles. The
fruit extract of M. glabra was rich in ascorbic acid, also referred
to as vitamin C, in addition to flavonoids, carotenoids, and
anthocyanins.®” This characteristic highlighted the substantial
potential for reduction and antioxidation within the fruit extract
of M. glabra, which remained unexplored in Cu NPs synthesis
research until now. During the synthesis of Cu NPs, ascorbic
acid acted as an effective reductant for converting Cu®" ions to
Cu NPs and an alternative antioxidant to counteract the oxida-
tion of nanoparticles to maintain the stability/purity of the
synthesized Cu NPs without inert gas.® Furthermore, nano-
particle stability was an imperative feature, as it directly influ-
enced their operational stability and functional efficacy in
practical applications. To address this critical concern, starch,
an environmentally friendly and biodegradable polysaccharide,
has risen to prominence as an amicable stabilizing agent.>*° Its
remarkable affinity for metallic surfaces established a protective
layer that impeded aggregation and upheld the dispersion
stability of nanoparticles.”* This dual functionality of starch,
both as a stabilizer and an ecologically sound additive,
enhanced its appeal in the realm of nanoparticle synthesis. The
use of starch in the Cu NPs synthesis has been explored for
a certain duration.”*™ Another concern issue was due to the
high oxidation potential of Cu®**/Cu, it is necessary to provide
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enough energy for the Cu®>* reduction process to completely take
place. Consequently, several techniques have been used to
facilitate the synthesis such as microwave, conventional heat-
ing, sonication, and hydrothermal.’***® In particular, ultrasound
was found to be an effective way to reinforce Cu®" reduction.
Notably, the role of sonication treatment in nanoparticle
synthesis cannot be underestimated. The application of high-
intensity ultrasound waves to reaction mixtures conferred an
array of benefits, encompassing enhanced mixing, reduced
reaction durations, and precise control over particle dimen-
sions, shapes, and uniform distribution within the suspen-
sion.’? Sonication, therefore, served as a potent instrument for
tailoring the properties of Cu NPs synthesized by utilizing
natural extracts and starch, thereby optimizing their perfor-
mance for an array of applications. To unlock the potential of
Cu NPs, their biological activities were evaluated for diverse
biomedical, agricultural, and environmental applications.
Previous research has shown their strong antibacterial proper-
ties against various pathogens and potential to combat cancer
cells."?*** In the context of South Vietnamese agriculture, where
Fusarium solani (F. solani) and Rhizoctonia solani (R. solani) pose
threats to a wide range of plants while withstanding adverse
climate conditions,* the antifungal activity of Cu NPs has been
explored.>*** Also, Cu NPs were found to be an effective catalyst
for dye removal such as methylene blue, methyl orange, phenol
red, and safranin.?*-3!

This study explores the Cu NPs synthesis using M. glabra
fruit extract with the assistance of sonication to enhance
synthesis efficiency. Response surface methodology optimized
synthesis parameters and operational factors for phenol red
removal. The study also evaluates the biological activities of the
sonication-assisted Cu NPs, including their antibacterial effects
on bacteria (Bacillus subtilis, Staphylococcus aureus, Pseudo-
monas aeruginosa, and Salmonella enterica), cancer cells (A549,
HepG2, KB, MCF7), and fungal pathogens (Fusarium solani and
Rhizoctonia solani).

2. Experimental

2.1. Materials

The chemicals used for manufacturing and analyzing the
characteristics of Cu NPs were supplied by Sigma-Aldrich.
Copper(un) acetate monohydrate (AcO),Cu-H,0, starch
(C¢H100s)n, and extract from M. glabra fruit were employed as
the precursor, stabilizer, and reductant, respectively, to
synthesize the Cu NPs. Potato dextrose agar (PDA) and agar
(C12H1500),, were used for treating fungi. Dimethyl sulfoxide
(DMSO, C,H40S), r-glutamine (CsH;oN,0;), sodium bicar-
bonate (NaHCOj;), glucose (C¢H;1,0¢), HEPES (CgH;gN,0,S),
sodium pyruvate (C3H;NaOs), and 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT, C;3H;6BrN5sS) were
used for evaluating anticancer activity of the synthesized Cu
NPs (MG) against human breast cancer cell lines. The Power-
Sonic 410 ultrasonic cleaner provided the necessary heat to
reduce Cu** to Cu®, while the Panasonic NN-ST25JW 22L 800W
microwave oven was used to dissolve PDA, (C;,H;50),, and
(C¢H100s),, in the distilled water.
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2.2. Preparing the extract

Fresh M. glabra fruits were acquired from An Lac market, Can
Tho, Vietnam, and thoroughly rinsed with distilled water. The
fruits were then processed using a juicer to extract the juice. The
resulting juice was further subjected to centrifugation at
4800 rpm for 45 min to separate the solution from the residue.
Lastly, the centrifuged solution was vacuum filtrated to obtain
a pink extract.

2.3. Synthesis of Cu NPs (MG)

Starch was dissolved in M. glabra extract with constant magnetic
stirring and heating, resulting in a homogeneous pale pink solu-
tion. This was achieved using a magnetic stirrer (Phoenix RSM-10
HS) set to 800 rpm at 60 °C for 50 min. Subsequently, (AcO),-
Cu-H,0 was added to each test tube containing the above solu-
tion, and the mixture was shaken thoroughly until completely
dissolved, producing a dark green solution. Sonication was then
conducted on the test tubes at 40 °C for 30 min by Power-Sonic 410
ultrasonic cleaner to obtain Cu NPs. The change from pale pink to
red indicated the Cu NPs formation in the studied tubes. The
process for synthesizing Cu NPs using M. glabra extract with the
assistance of ultrasound was illustrated in Fig. 1.

Starch concentration was fixed at 10 g L™". Two continuous
factors included varying volumes of M. glabra extract (X, = 4, 7,
and 10 mL) and (AcO),Cu concentrations (X, = 10, 20, and 30 mM)
on the response variables: maximum absorbance Y; and mini-
mizing the surface plasmon resonance (SPR) Y,. Response surface
design (RSD) was used to evaluate the individual variables' inter-
actions with the response variables. Central composite full (CCF)
benefited from the experiment design. A randomized experiment
of 13 runs was investigated with five center points: X; = 7 mL and
X, = 20 mM. The values of parameters for synthesizing Cu NPs
were fixed in columns 2 and 3 of Table 1. Model terms including
main and quadratic were used to describe the influence of
synthesis parameters (X; and X,) on the response variables (Y; and
Y,), corresponding to the following formula (1).

Y,-:ao—i-Za,-Xf-FZaiiX% (1)

where «, is a constant; «; and «; characterize the main and
quadratic terms of the independent parameters.

The suitability of the produced models was evaluated by the
coefficient of determination (denoted R-square R”) and proba-
bility value p. The values were considered statistically mean-
ingful for the models with p < 0.05 and R*> approximately
approaching 1. Optimize responses were utilized to determine
the optimal values (X; and X,) for Cu NPs synthesis reaching the
highest point of Y; and the lowest point of Y,. Experiment
design, model generation, and optimization were conducted
using the OriginPro 2024 software. Cu NPs produced under the
optimal operating conditions were designated as Cu NPs (MG).

2.4. Characteristics of Cu NPs (MG)

UV-Vis spectrophotometry (V730, Jasco) was performed using
a double-beam spectrophotometer with a 10 mm quartz cell.
Wavelengths were measured between 400-700 nm at a scanning

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The procedure for synthesizing nanoparticles from M. glabra extract.

Table1 Experiments investigating the impact of M. glabra fruit extract
volume (Ext) and (AcO), concentration (Cu) on the nanoparticle
formation

Run order Ext, mL Cu, mM Absorbance SPR, nm
1 7 30 0.827 602.4
2 4 30 0.516 604.6
3 10 10 0.416 608.8
4 7 10 0.564 605.8
5 7 20 1.196 598.6
6 4 20 0.694 604.4
7 7 20 1.202 598.2
8 10 30 0.705 603.2
9 10 20 0.922 600.6
10 7 20 1.212 599.2
11 7 20 1.187 598.4
12 7 20 1.179 597.4
13 4 10 0.374 610.2

speed of 1000 nm min~' with a data interval of 0.2 nm to
monitor the formation of Cu NPs and assess the stability of Cu
NPs (MG) over a 6 days period. For morphological analysis,
a transmission electron microscope/high-resolution trans-
mission electron microscopy (TEM/HRTEM, Jem-2100 LaBs,
Jeol) was used to examine the shape and particle size distribu-
tion of the synthesized Cu NPs (MG). The test sample was
placed on a 300 mesh carbon-coated copper grid, and images
were captured at an acceleration voltage of 200 kV. The chem-
ical composition and functional groups of the materials were
analyzed using a Thermo Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer, with wavenumbers scanned from
4000 to 400 cm™'. The zeta potential and particle size distri-
bution of the Cu NPs (MG) were determined using an SZ-100
nanoparticle analyzer at 25 °C, with the mean zeta potential
and average particle size reported using a Malvern Zetasizer
Nano ZS. The crystalline phase of the studied sample was veri-
fied with a Bruker D2 Phaser X-ray diffraction (XRD) instrument
using Cu Ko radiation with 40 mA and 40 kv, and diffracted
intensities were measured at 26 angles between 10° and 80°.
The estimation of the average crystallite size of the synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cu NPs (MG) was accomplished through the utilization of
Debye Scherrer's formula (2).

09%32
" Bxcosd

(2)

wherein D signifies the crystal size, A implies the X-ray wave-
length, @ indicates the full width at half maximum, and ¢
represents Bragg's angle measured in radians. The full width at
half maximum of peaks on the XRD patterns was calculated by
OriginPro 2024 with the Gauss function.

To evaluate the synthesis efficiency, the concentration of Cu**
ions in the samples was analyzed using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The evaluation
encompassed both the initial solution consisting solely of the
precursor 21.9 mM (AcO),Cu and the resulting solution of Cu NPs
(MG). Prior to analysis, the Cu NPs (MG) solution synthesized at
the optimal parameter underwent at 6800 rpm for 3 hours
centrifugation to remove solid components. The synthesis
percentage, denoted as H, was determined using formula (3).

CCu,o - CCu

H= % 100 (3)

Cu,0

where Cg,, represents the Cu** concentration of the initial

solution, and Cc, represents the Cu®>" concentration of the
resulting solution.

The absorption wavelength was measured using diffuse
reflectance spectroscopy (DRS) on a Cary 5000 UV-Vis-NIR
spectrophotometer. The resulting data was then processed to
calculate the band gap energy (Eg) of Cu NPs (MG) using the
Tauc plot, as given in the Kubelka-Munk function (4).

[wFR) = A(hv — Ey) (4)

2.5. Antibacterial activity of Cu NPs (MG)

To assess the antibacterial activity, the well-diffusion method
was employed for the synthesized Cu NPs (MG), investigated
against various bacterial and fungal strains, including Bacillus

RSC Adv, 2024, 14, 34119-34134 | 34121
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subtilis (B. subtilis) ATCC 6633 and Staphylococcus aureus (S.
aureus) ATCC 12600 for Gram-positive bacteria testing, as well
as Pseudomonas aeruginosa (P. aeruginosa) ATCC 15442 and
Salmonella enterica (S. enterica) ATCC 35664 for Gram-negative
bacteria testing. Following MacFarland's standard guidelines,
the pathogenic cultures were subcultured and incubated at 37 ©
C 24 h to achieve a concentration of 5 x 10° CFU mL™'. Gram-
positive bacteria were exposed to ampicillin as the control,
while Gram-negative bacteria were exposed to cefotaxime. The
sonication-mediated Cu NPs (MG) was prepared at four
concentrations of 0.25, 1.00, 4.00, and 16.00 ppm. The
concentration at which 50% inhibition was reached, indicated
by the IC5, value, was observed for the synthesized Cu NPs (MG)
on 96-well microplates, and the absorbance was measured at
the wavelength of 630 nm.

2.6. Antiproliferative activity of Cu NPs (MG) on cancer cell
lines

The cytotoxicity assay of Cu NPs (MG) was carried out on four
cancer cell lines, namely lung cancer A549, hepatic cancer
HepG2, epidermal carcinoma KB, and breast cancer MCF7,
using the MTT method. The MTT method involved culturing the
cancer cell lines in a 96-well plate with a cell density of 5000
cells per well, using DMEM (Dulbecco's modified Eagle's
medium) supplemented with the following components: 2 mM
r-glutamine, 1.5 g L™ sodium bicarbonate, 4.5 g L™" glucose,
10 mM HEPES, 1.0 mM sodium pyruvate, and 10% FBS (fetal
bovine serum). The culture was incubated at 37 °C with 5% CO,.
After 24 h of incubation, the 96-well plate was switched to an
FBS-free DMEM medium. Cu NPs (MG) diluted with DMSO
solvent at varying concentrations of 0.25, 1.00, 4.00, and
16.00 ppm, were added to the wells, ensuring that the final
concentration of DMSO in the culture medium did not exceed
0.05% to avoid solvent toxicity. After 48 h, 20 pL of MTT solution
with a concentration of 2 mg mL™' was added to each well,
followed by a further 4 hours incubation period. The surviving
cells’ cellular enzymes converted MTT to formazan crystals that
were insoluble in the culture medium. Subsequently, DMSO
was used to dissolve the formazan crystals, and the absorbance
was measured at 550 nm. The percentage of surviving cells
represented the toxicity of Cu NPs (MG), with higher toxicity
leading to a lower number of surviving cells. The percentage
toxicity was determined by the absorbance in the test wells
compared to the control wells. In this experiment, ellipticine
was used as a control sample.

2.7. Antifungal activity of Cu NPs (MG)

The antifungal activity of the sonication-assisted Cu NPs (MG)
was evaluated using the poison plate method. Cu NPs were
diluted to four different concentrations for evaluating anti-
fungal activity. For F. solani, Cu NPs were tested at concentra-
tions of 60, 70, 80, and 90 ppm, while for R solani, the
concentrations used were 80, 100, 120, and 140 ppm. A mixture
of 20 g L7 PDA and 20 g L' (C;,H;50s),, in water was irradiated
with a microwave and used as the culture medium for reference
samples. For the test samples, the culture medium was
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prepared similarly, but with the addition of the synthesized Cu
NPs at various concentrations. Each Cu NPs concentration was
added separately to sterilized Petri dishes, and a 5.0 mm
diameter piece of active mycelium was placed at the center of
each plate in a sterile laminar flow cabinet. The plates were then
incubated at 25 °C for one week for F. solani and two weeks for
R. solani. Each test was conducted five times. The inhibition of
mycelial growth (I) was calculated using a specified formula (5).

_D—d

I x 100 (5)

where D and d are the colony diameter in the control plates and
treated Petri plates.

2.8. Phenol red removal

To prepare the catalyst for PR removal, Cu NPs (MG) solution
was centrifugated at 6800 rpm for 2 h to obtain precipitates. The
resulting precipitates were washed with water as well as ethanol
and vacuum dried at 60 °C overnight. The red-brown product as-
prepared by drying in a vacuum oven was used as a catalyst in
the reaction for PR removal and denoted as Cat-Cu NPs (MG).
The experiments were conducted at 25 °C using a 100 mL
solution of 10 ppm PR. The suspension with the presence of
Cat-Cu NPs (MG) was stirred for 50 min to establish adsorption/
desorption equilibrium. After continuous agitation, varying
amounts of reductants NaBH, were introduced. The reaction
process was monitored for 9 min. The reaction solution was
then filtered to eliminate Cat-Cu NPs (MG) and the resulting
solution on a UV-visible spectrophotometer at 560 nm wave-
length. PR removal efficiency (RE) was measured by PR
concentration and calculated by the formula (6).

~ Cpro — Crry

RE
CPR,o

x 100 (6)
where Cpr is the initial concentration PR before adsorption
and Cpg  is the concentration PR at the time of measurement.

For determining the efficiency of PR conversion, two oper-
ated components were established changing Cat-Cu NPs (MG)
dosage (X; = 10, 20, and 30 ppm) and NaBH, concentrations (X,
= 40, 50, and 60 mM) on the response variables: PR conversion
Y;. RSD and CCF were designed to calculate the interactions of
the separate variables with the response variable. A randomized
experiment of 14 runs was considered with six center points: X;
= 20 ppm and X, = 50 mM. The optimal values for investing
catalytic activity of Cat-Cu NPs (MG) were set in columns 2 and 3
of Table 6. Model terms including main and quadratic were
employed to illustrate the influence of X; and X, on Y,
according to the following formula (1).

2.9. Data analysis

The statistical analysis for bacteria, cancer cells, and fungi was
performed using Descriptive Statistics in Excel with the Data
Analysis Toolpak. The data were presented as the mean value +
standard deviation, based on triplicate measurements for
bacteria and cancer cells, and five separate experiments for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fungi. Results were considered significant if the confidence level
was below 5%.

3. Results and discussion

3.1. Determining optimal values for Cu NPs (MG) synthesis

Table 1 presented the values of the response variables obtained
from the designed experiments. From the obtained results,
a model for investigating the synthesis parameters was fitted.
The predictable regression coefficients for the CCF model were
provided in Table 2. Regularly, a lower p-value indicated
a higher meaning for the studied response variations while
a high R*-value confirmed the fitness of the suggested model. In
the current study, R* values were 0.970 and 0.967, respectively,
verifying that the proposed model for the dependence of
absorbance, as well as SPR on extract volume and (AcO),Cu
concentration, was completely consistent. Additionally, main
and quadratic terms of extract volume and precursor concen-
tration exhibited significant effects on the studied response
variables (absorbance and SPR) with p < 0.05. The influence of
extract volume and precursor concentration on the response
variables was identical in the Cu NPs synthesis.

In the synthesis of metallic nanomaterials, the concentration
and size of the formed nanoparticles are considered vital factors
besides the shape of the materials. Metal-based nanoparticle
concentration and particle size were quantified by UV-Vis
spectroscopy. The Cu NPs formation was confirmed by SPR
appearance located in the range of 550-600 nm.** Small nano-
particles exhibited a blue-shifted SPR. Conversely, a red-shifted
SPR was recognized for larger nanoparticles. In addition, the
SPR peak tended to shift toward longer wavelengths as the
particle size increased.*® The metallic nanoparticle concentra-
tion in a solution is proportional to the intensity of SPR-related
absorbance. The influence of continuous parameters (volume of
M. glabra fruit extract and precursor concentration) on the
response variables (absorbance and SPR) was shown in Fig. 2.
The absorbance of the designed samples ranged from 0.374 to
1.212 while the SPR fluctuated in a range of 598.2-610.2 nm.

Generally, the process of converting Cu®" ions into Cu’
occurred in two distinct steps. During the initial period, the
ascorbic acid was transformed into ascorbate radicals. Subse-
quently, Cu®" ions constantly reacted with the ascorbate radi-
cals to form Cu®. Interestingly, effective reduction of Cu** ions
was found in a high concentration of ascorbic acid. The

Table 2 The values obtained in the central composite model for
synthesizing Cu NPs (MG)

p-Value of «; and «;;

Regression coefficients Absorbance SPR, nm Absorbance SPR

o 1.168 598.6
o 0.077 —1.1 0.025 0.020
oy 0.116 —2.4 0.003 <0.001
o1 —0.293 3.4 <0.001 <0.001
02 —0.406 5.0 <0.001 <0.001
R? 0.970 0.967

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presence of Cu,O phases was confirmed at low concentrations
of ascorbic acid.** Furthermore, precursor concentration played
a fundamental role in the nucleation and growth of Cu NPs.
There was a speedy enhancement in the nucleation rate at high
precursor concentration, directing to the Cu NPs formation
with smaller particles. In opposition, lower concentrations of
precursor led to slow down the nucleation. A higher concen-
tration of Cu®* was commonly followed by the faster growth of
existing Cu NPs. On the other hand, excessive concentrations of
precursors caused to aggregation.®>**

As clearly observed in Fig. 2a and Table 1, increasing the M.
glabra fruit extract volume from 4 to 7 mL was advantageous to
the Cu NPs formation. Reductant deficiency during the Cu**
conversion to Cu® at low extract volume resulted in limited Cu
NPs formation and following aggregation. The presence of
abundant reducing agents at a high M. glabra fruit extract
considerably influenced the production and protection of Cu
NPs. Reductants facilitated the reduction of Cu®" ions to form
stable Cu NPs, preventing effective aggregation for the
produced nanoparticles. The nanoparticle size increased for
agglomeration began to occur and the Cu®" conversion rate
heightened at 10 mL of M. glabra fruit extract, leading to
a decline in the absorbance of Cu NPs. The results of this
experiment aligned well with a previous study by Din and
Ghosh.?”?®

The influence of the (AcO),Cu precursor on absorbance and
SPR was shown in Fig. 2b and Table 1. The relationship between
(AcO),Cu concentration, absorbance, and SPR was analogous to
the effect of the extract volume. Thus, an appropriate concen-
tration of (AcO),Cu was required for synthesizing Cu NPs. As
maintaining a consistent volume of M. glabra fruit extract, the
absorption intensity exhibits an interesting trend with varying
concentrations of (AcO),Cu. The absorbance substantially
increased with the samples prepared at (AcO),Cu concentra-
tions from 10 to 20 mM and then considerably decreased with
a further increase of 30 mM (AcO),Cu. Meanwhile, SPR exhibi-
ted intriguing behavior as the concentration of (AcO),Cu varied
and the lowest value occurred at 20 mM (AcO),Cu. According to
Sadia, high CuSO, concentrations contributed to particle size
enlargement and a broader size distribution.*

Fig. 2c and d demonstrated the significance of various terms
in the Cu NPs formation, as assessed by the cumulative
percentages for the absorbance value and SPR of the produced
Cu NPs. The results show that the Cu*Cu term had the greatest
impact on the synthesis process, followed by Ext*Ext. The
contributions of the Cu*Cu and Ext*Ext terms account for 78%
of the absorbance value and 70% of the SPR, respectively. The
contribution percentages of the factors decreased in the
following order: Cu*Cu > Ext*Ext > Cu > Ext. Based on the ob-
tained results, it can be concluded that both the extract volume
and Cu(AcO), concentration significantly influenced the Cu NPs
production.

The variations in absorbance and SPR at different extract
volumes and (AcO),Cu concentrations are depicted in Fig. 2e
and f. The changes in absorbance as a function of extract
volume and (AcO),Cu concentration follow a curve with
a maximum point. Conversely, the curve showing dependence
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Fig. 2 Surface response graphs illustrating the dependence of Cu NPs absorbance (a) /SPR (b) on extract volume-(AcO),Cu concentration,
Pareto plot viewing effects of terms on Cu NPs absorbance (c) /SPR (d), and optimization plot illustrating optimal values: extract volume (e) and

(AcO),Cu concentration (f) for nanoparticle formation.

of SPR-extract volume/Cu(AcO),Cu concentration reached
a minimum point. Optimal conditions for the Cu NPs (MG)
synthesis were acknowledged with maximum absorbance and
minimum SPR of the obtained Cu NPs. An optimized response
model was used to determine the optimal volume of M. glabra
fruit extract and (AcO),Cu concentration. The calculated results
pointed to an optimal combination for the Cu NPs (MG)
synthesis as the following: 7.4 mL of M. glabra fruit extract and
21.9 mM of (AcO),Cu. Through investigations, the synthesis of
Cu NPs (MG) was carried out successfully with optimal param-
eters, which involved using 7.4 mL of M. glabra fruit extract, 10 g

34124 | RSC Adv, 2024, 14, 34119-34134

L' of starch, (AcO),Cu concentration of 21.9 mM, and soni-
cating the system at 40 °C for 30 min. The synthesis efficiency
was assessed to be 86% based on the Cu®* concentration using
ICP-OES analysis. The detailed outcomes were provided in
Table 3.

3.2. Analyzing characteristics of the synthesized Cu NPs
(MG)

Fig. 3 was used to illustrate the optical properties of Cu NPs
(MG) and evaluate the stability of the Cu NPs (MG) solution at
room temperature. The synthesized Cu NPs (MG) using M.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Synthesis efficiency and nanoconcentration of Cu NPs (MG)
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Sample Cu** concentration, ppm Cu NPs concentration, ppm Synthesis efficiency, %
(AcO),Cu 357.5 86
Cu NPs (MG) 50.9 306.6
1.6 1.42 610
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Fig.3 UV-vis of Cu NPs (MG) synthesized at optimal parameters (a) and the presence of Cu NPs in the UV-vis spectra at altered storage times (b).

glabra fruit extract at the obtained optimal parameters was
identified initially on UV-Vis spectra. As can be seen in Fig. 3a,
there was an apparition of an emission peak located at
600.8 nm, characterizing the SPR of Cu NPs. The location of SPR
was consistent with a study by Yaremchuk et al.*® The adsorp-
tion intensity of Cu NPs (MG) at 600.8 nm reached 1.328. The
alterations in absorbance and SPR of Cu NPs (MG) solution
during storage were presented in Fig. 3b. The stability of the Cu
NPs (MG) solution was evaluated in a 30 days storage period.
Basically, Cu NPs (MG) was highly stable at room temperature
for 30 days of testing. There was continued formation of
nanoparticles in the as-synthesized Cu NPs (MG) solution
during the storage time. This was explained by the presence of

2

>
©
= Cu NPs(MG) J | \
‘D —
c =
2 -
<

g

g/ —_

)
JCPDS 04-0836

10 20 30 40 50 60 70 80
2 theta, °

the unreacted Cu”" ions and the reductants in the Cu NPs (MG)
solution. Along with the increase in Cu NPs (MG) concentration,
there was a slight alteration in the particle size based on
a redshift of SPR from 600 to 608 nm. A major reason was
a deficiency of stabilizers to protect the further nucleated
nanoparticles in long-term storage.** An additional explanation
was attributed to the slow oxidation of the nanoparticles,
leading to a gradual growth of the oxide phases.*

The X-ray diffraction (XRD) analysis was a fundamental
technique used to characterize the crystalline structure of
nanoparticles. In this study, the XRD pattern of the generated
Cu NPs (MG) was shown in Fig. 4a. The pattern exhibited three
distinct peaks at 26 values of 43.4, 50.4, and 74.1°, indicative of

Cu NPs(MG) M
< )
Y
(&]
[
o
&
[y
©
'_
4000 3400 2800 2200 1600 1000 400

Wavenumber, cm™’

Fig. 4 Analysis of green-synthesized Cu NPs (MG): XRD pattern (a) and FTIR spectra (b).
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Table 4 The particle size of the crystallites in the generated Cu NPs
(MG)

Position 26, 0 FWHM Size of nanoparticle, nm  Average size, nm
43.4 0.486 17.6 17.0

50.4 0.505 17.4

74.1 0.621 16.0

the copper face-centered cubic (fcc) lattice with corresponding
Miller indices of (111), (200), and (220) (JCPDS, No. 04-0836).
Notably, the peak intensity for (111) was significantly higher
than the others, suggesting that the primary orientation of the
crystal structure in Cu NPs (MG) was the (111) plane. Further-
more, the XRD pattern demonstrated the absence of significant
impurity peaks, indicating a clean sample. The average crys-
tallite size of the generated Cu NPs (MG), as documented in
Table 4, measured 17.0 nm.

The comparison of FTIR spectra among the produced Cu
NPs (MG), M. glabra fruit extract (ExtMG), and pure starch (St)
samples was depicted in Fig. 4b. The spectrum of starch
exhibited typical patterns observed in polysaccharides of this
nature, characterized by features like hydroxyl bands within the
range of 3650-3000 cm ' attributed to glucopyranose rings,
aliphatic group C-H stretching vibrations at 2920 cm ™, indi-
cations of adsorbed water at 1640 cm ™", C-C and C-O stretching
at 1140 cm™ ', as well as C-O-C bending vibration at
1010 cm ™ .** For the fruit extract of M. glabra, the FTIR spec-
trum also displayed a characteristic band of the hydroxyl group
in 3600-3000 cm™', as well as stretching vibrations at
1632 cm ! and 1402 cm ™, corresponding to the C=C double
bond in the lactone ring and the C-O bond of enol hydroxyl
groups in the structure of ascorbic acid.** These discernible
signals of both starch and fruit extract were distinctly replicated
in the FTIR spectrum of Cu NPs (MG), affirming the proficient
coating ability of starch and ascorbic acid on the particle
surface, leading to robust stabilization. Notably, additional
signals emerged within the 1800-1690 cm ™" range in Cu NPs
(MG), attributed to the transformation of enol hydroxyl groups
in ascorbic acid into carbonyl groups through reduction.*® The
hydroxyl (-OH) and carbonyl (-C=0) groups played a key role in
forming hydrogen bonds with phenol red, while the C-O and
C=C groups contributed to dipole-dipole interactions and —m
stacking. Together, these functional groups enhanced the
binding affinity of the Cu NPs (MG) for phenol red, making the
material highly effective for adsorption applications.

In order to investigate the morphology of the synthesized Cu
NPs (MG), TEM images were captured to examine the shape and
size distribution of the particles. Fig. 5a showed spherical and
monodisperse particles in Cu NPs (MG) solution, each dis-
playing equivalent sizes. A detailed analysis was performed to
obtain a comprehensive understanding of the particle size
distribution, as depicted in Fig. 5b, revealing particle diameters
ranging from 11 to 44 nm. The average diameter of the spherical
particles was calculated to be 22.5 nm, with a standard devia-
tion of 6.9 nm. These findings affirmed the successful

34126 | RSC Adv, 2024, 14, 34119-34134
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stabilization of the system through the combination of starch
and M. glabra fruit extract as well as the enhancement by
sonication treatment, leading to the formation of small and
stable particles. The HRTEM image provided valuable insights
into the structural characteristics of the synthesized Cu NPs
(MG), particularly regarding their crystallinity and atomic
arrangement in Fig. 5c. The distinct lattice fringes corre-
sponding to the (111) planes of copper, measured spacings of
0.22, 0.24, and 0.25 nm, indicated a well-organized crystalline
structure. These interplanar distances aligned well with the
theoretical values for the face-centered cubic structure of
metallic copper, close to the d-spacing value of the Cu (111)
plane (JCPDS 04-0836, Fm3m, and d;1; = 0.21 nm).

The surface of the synthesized Cu NPs (MG) in this investi-
gation exhibited a negative zeta potential, as evidenced in Fig. 6.
The zeta potential of metallic nanoparticles was known to be
significantly influenced by the presence of a stabilizing agent.
Specifically, the zeta potential of the generated Cu NPs (MG) was
measured at —11.8 mV. This negative charge suggested the
stability of the nanoparticles due to an increase in electrostatic
repulsion forces, aligning with the findings reported in a study
conducted by Ilbasmis-Tamer.*® However, it should be noted
that this value falls short of the optimal range of —30 mV
required for achieving the best state of stable dispersion for Cu
NPs (MG).”” This discrepancy could be attributed to the pres-
ence of ascorbic acid which results in a low pH medium. The
zeta potential of the suspension could display a pH-responsive
behavior, revealing the possibility of weak positive values on
starch under acidic conditions.*®

Fig. 7 provided important insights into the optical properties
and potential applications of Cu NPs (MG). In Fig. 7a, the DRS
spectra showed that the nanoparticles exhibited low reflectance
in the UV region (200-400 nm), indicating strong absorption in
this range, with reflectance gradually increasing towards the
visible and near-infrared regions. This behavior suggested that
Cu NPs (MG) could absorb light over a broad spectrum,
particularly within the visible light range (400-700 nm), making
them highly suitable for photocatalytic applications under
sunlight. Fig. 7b displayed the Tauc plot, which revealed an E,
of 1.63 eV, placing the nanoparticles in an optimal range for
visible light activation. This relatively small E, enhanced light
absorption and facilitated electron-hole pair generation, a crit-
ical factor in catalytic reactions. The combination of visible light
absorption and semiconductor-like properties made Cu NPs
(MG) promising candidates for visible light-driven photo-
catalytic applications.

3.3. Investigating antimicrobial activity of the produced Cu
NPs (MG)

This study encompassed an assessment of the biological effi-
cacy of the synthesized Cu NPs (MG), spanning both bacteria
and cancer cells. The findings of these investigations were dis-
played in Fig. 8, which illustrated the impact of varying Cu NPs
concentrations on Gram-positive bacteria (S. aureus and B.
subtilis), Gram-negative bacteria (S. enterica and P. aeruginosa),
cancer cells (A549, HepG2, KB, and MCF?7), and fungi (F. solani

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM image (a), size distribution analysis (b), and high-resolution TEM (c) of the green-synthesized Cu NPs (MG).
4 unremarkable, remaining below 25% for S. enterica and P. aer-

-11.8 uginosa. Moving to anticancer activity, the outcomes of the

cancer cell tests were encouraging. Cu NPs exhibited inhibitory
effects even at low concentrations of 0.25 and 1.00 ppm,
surpassing the 50% inhibitory threshold at 4.00 ppm. The value
for half-maximal inhibitory concentration (IC5,) was computed
and was presented in Table 5. This calculation further reaf-
firmed the significant inhibitory impact of Cu NPs on positive-
gram bacteria. For B. subtilis and S. aureus, the ICs, values were
acceptable with 12.01 and 12.06 ppm, respectively. Conversely,
against Gram-negative bacteria, Cu NPs showed limited inhi-
bition, rendering an unattainable ICs, value. Regarding cancer

(_)200 100 0 100 200 cell treatment, Cu NPs showcased improved performance,
Zeta potential, mV exhibiting IC5, values ranging from 0.82 to 3.03 ppm, increasing

from MCF7, A549, and KB to HepG2. The strong antibacterial
and antifungal effects of the synthesized Cu NPs were likely due
to a common mechanism where the release of Cu®" ions leads to
damage to microbial cell membranes.*** This mechanism was
particularly potent against Gram-positive bacteria compared to
Gram-negative bacteria due to the structural intricacies of
Gram-negative bacteria strains. The Gram-positive bacteria's
thinner cell wall facilitates a more efficient exchange of
compounds, thereby enhancing inhibition.** In the realm of

Intfensity, a.u
N w

p—
1

Fig. 6 Zeta potential of the sonication-synthesized Cu NPs (MG).

and R solani). It was evident that treating Gram-positive
bacteria with Cu NPs at 4.00 ppm led to a potential inhibitory
effect, which escalated substantially to 59-68% at 16.00 ppm. In
contrast, the inhibitory response against Gram-negative
bacteria within the same range of Cu NPs concentrations was
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Fig. 8 Inhibition activity of the sonication-assisted Cu NPs (MG) for
Gram-positive bacterial, Gram-negative bacterial, and cancer cells.

anticancer activity, Cu NPs have proven their capability to elicit
apoptosis and manifest cytotoxic effects across diverse cancer
cell lines. This was achieved by degrading isolated DNA mole-
cules via singlet oxygen generation, thereby contributing to

Table 5

their anti-cancer potential.*® These findings highlight the
potential of Cu NPs (MG) as an effective agent for targeting both
Gram-positive bacteria and cancer cells.

For antifungal activity testing, individual fungal samples of
F. solani and R. solani were subjected to varying concentrations
of Cu NPs. Subsequently, the assessment of diffuse growth
occurred to explore the initial antifungal efficacy of the gener-
ated Cu NPs (MG). As was evident from the data presented in
Fig. 9 and 10, robust antifungal activity against F. solani and R.
solani was demonstrated by Cu NPs (MG). In the control
samples (Fig. 9a1 and b,), the fungi spread circularly, blanket-
ing the medium layer with a pale white haze. In subsequent
samples where Cu NPs (MG) was introduced, the presence of
visible mycelium and reddish-brown colored Cu NPs (MG) was
observed to signify the growth inhibition of the fungi. Fig. 10
exemplified the antifungal efficacy of Cu NPs through a variable
concentration range of 60-90 ppm with an interval of 10 ppm
for F. solani and 80-140 ppm with a gap of 20 ppm for R. solani.
Overall, elevating Cu NPs concentration resulted in a distinct
decline in fungal growth, with pronounced inhibition at higher
concentrations. In the case of F. solani, control sample expan-
sion reached 68.0 mm, diminishing by 5, 23, 56, and 94% in
samples with escalating Cu NPs concentration within the tested
range. Similarly, for R. solani, the corresponding figures were
18, 21, 85, and 99%, respectively, with initial expansion at 67.3
mm. Evidently, modest Cu NPs concentrations showed limited

ICsg values of the prepared Cu NPs for bacteria and cancer cells

Bacteria/cancer cells

ICs¢ of Cu NPs, ppm ICs, of control, ppm

S. aureus

B. subtilis

S. enterica

P. aeruginosa
HepG2

KB

A549

MCF7

Positive-gram bacteria
Negative-gram bacteria

Cancer cells

34128 | RSC Adv, 2024, 14, 34119-34134

12.06 £ 0.48 0.03 £ 0.01
12.01 £ 0.26 4.93 £ 0.20
— 0.59 £ 0.07
— 5.91 £ 0.20
3.03 £0.14 0.61 £+ 0.14
2.33 £0.10 0.38 £ 0.01
1.09 £+ 0.05 0.56 + 0.03
0.82 £ 0.04 0.63 £ 0.04
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Fig. 9 The growth of F. solani (a) and R. solani (b) at numerous concentrations of Cu NPs.
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Fig. 10 Growth diameter and inhibitory activity of fungi at various Cu NPs concentrations: F. solani (a) and R. solani (b).

antifungal effects, while efficacy became prominent at higher
levels. Complete growth inhibition occurred at 90 ppm of Cu
NPs for R solani while Cu NPs concentration was found at
120 ppm, showcasing the potent effect. The ICs, value of Cu NPs
for F. solani reached 80 ppm while Cu NPs inhibited 50% of R.
solani growth at a higher concentration of 111 ppm, reinforcing
the efficacy of Cu NPs against both fungal strains. As can be
seen, F. solani was more sensitive to R. solani for Cu NPs. Among
various pathogens, F. solani and R. solani were considered
substantial, affecting damping-off and root-rot infections to
reduce agricultural productivity.®*** Therefore, the synthesized
Cu NPs (MG) was predicted to be a potential material for
eliminating harmful fungal pathogens: F. solani and R. solani on
plants.

The mechanism for the growth inhibition of microorgan-
isms was outlined in Fig. 11. Initially, Cu NPs attached to the
cell wall and released Cu®" ions. In the following phase, Cu NPs-
Cu** adhered to the cell membrane and penetrated the cell.
Reactive oxygen species (ROS) production by the formed Cu
NPs-Cu** occurred in the third stage. The combined presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cu NPs, Cu*", and ROS led to the destruction of the cell
membrane through various mechanisms: Cu NPs/Cu®" ions
increased membrane permeability (i), disrupted adenosine
triphosphate production (vii), and damaged the cell wall and
membrane (vii); a mixture of Cu NPs-Cu®*-ROS interrupted

o Cu NPs(MG)
o Cu?*

Fig. 11 The primary mechanism leading to the death of microorgan-
isms by Cu NPs (MG).
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Fig. 12 The mechanism for removing PR in the presence of NaBH,4 and Cat-Cu NPs (MG).

deoxyribonucleic acid replication, triggered deoxyribonucleic
acid degradation (ii), denatured ribosomes (iii), interfered with
enzymatic activities (iv), and denatured proteins (v).>**

3.4. Determining removal efficiency for phenol red

The degradation of PR in the presence of NaBH, occurred
through electron transfer. The mechanism of PR degradation in
the presence of NaBH, on the catalytic surface of Cat-Cu NPs
(MG) was described in Fig. 12. NaBH, was recognized as
a strong reducer and was incapable of reducing dyes without
a catalyst due to high redox potentials.>® To promote the effec-
tiveness of NaBH, for dye removal, catalysts acted as an electron
transfer system between the hydride ions donors and the textile
dye receptors. The process of dye elimination catalyzed metallic
nanocatalysts by NaBH, was described through an electron
transfer mechanism. The reducer and dyes were adsorbed on
the large surface of metallic nanoparticles. As NaBH, reductant
adsorbed on the nanoparticles, reductive activity declined due
to strong nucleophiles and formed BH, ions. Alternatively,
dyes acted as electrophiles when adsorbed on nanoparticles,
increasing reducing activity and producing positive charges.
Electron transfer reaction simultaneously occurred on the
surface of metal nanoparticles, destroying dye structure to form
small molecules, CO,, H,O, and SO,>~.5758

Table 6 displayed the values of the response variable-PR
conversion attained by the created tests with catalyst dosages
and reductant concentrations. Based on the results obtained
from the CCF design, a model for predicting an effective PR
conversion was fitted. The predictable regression coefficients
for the CCF model were detailed in Table 7. R* values were
found at 0.957, confirming that the proposed model for the
dependence of PR conversion on Cat-Cu NPs (MG) dosage and
NaBH, concentration was entirely reliable. Furthermore, main
and quadratic terms of Cat-Cu NPs (MG) dosage and NaBH,
concentration significantly affected the studied response
variables-PR conversion with p < 0.05. The impacts of Cat-Cu
NPs (MG) dosage and NaBH, concentration on the catalytic
activity for eliminating PR tend to be similar.

34130 | RSC Adv, 2024, 14, 34119-34134

Table 6 Experiments evaluating the influence of Cat-Cu NPs (MG)
dosage (Cat) and NaBH,4 concentration (Rec) on PR conversion

Run order Cat, ppm Rec, mM PR removal efficiency, %
1 20 50 97
2 20 40 53
3 10 50 60
4 30 60 58
5 20 50 95
6 20 60 88
7 10 60 50
8 30 50 85
9 20 50 98
10 20 50 97
11 20 50 98
12 30 40 49
13 10 40 39
14 20 50 96

The influence of NaBH, concentrations on the catalytic
degradation of PR was investigated in Fig. 13a. It was noted that
the PR removal improved as the NaBH, dosage increased from
40 to 50 mM. An additional increase in NaBH, amounts from 50
to 60 mM reduced the PR conversion. A competitive adsorption
between dyes clarified this tendency, BH, ions, and surface
hydrogens on the catalyst surface. Surface hydrogens were
formed from NaBH, and also absorbed on the catalyst surface to
react with dyes. With the increase in NaBH, dosages, more
surface hydrogen was generated and adsorbed onto the catalyst
surface, leading to a lowering in the adsorption capacity of
species and saturation of active sites. This was identified as
a key factor leading to the reduction in dye degradation when
the NaBH, concentration was further increased.>*®® This varia-
tion was also found in previous studies about the effect of
NaBH, concentration on dye elimination. For example, ZnS
nanomaterials tested with 0.01 mol NaBH, exhibited the high-
est rhodamine B conversion of 94% followed by 0.005 mol
NaBH, reaching 86%, and 0.03 mol NaBH, achieving 80%. The
rhodamine B removal of a sample prepared with 0.02 mol

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The values obtained in the central composite model for
removing PR

PR conversion, p-Value
Regression coefficients % of a; and «;;
o 97
o 7 0.021
oy 9 0.006
033 —23 <0.001
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NaBH, descended dramatically at a value of 53%.°* Another
study conducted on Ag/Ni bimetallic catalysts for the dye
conversion including methyl orange, congo red, and erio-
chrome black T also found an identical trend. When the NaBH,
concentration exceeded the optimal value, the occupation of
active sites began, and there was a decrease in adsorption
capacity on the catalytic surface.®

The effect of the catalyst dosage on the PR degradation was
summarized in Table 6 and Fig. 13a. It can be observed that the
degradation efficiency of PR increased with the boost of the
nanocatalyst dosage from 10 to 20 ppm. This was explained by
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Fig. 13 Surface response graph depicting the dependence of catalyst loading and NaBH,4 concentration on PR conversion (a), Pareto plot
presenting effects of terms (b), optimization plot exemplifying optimal values for PR degradation (c), UV-Vis spectra of PR conversion on Cat-Cu

NPs (MG) (d), and PR conversion over reaction time (e).
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Table 8 Comparative examination of Cu NPs (MG) production across various research investigations
Stabilizer, reductant Treatment Phase Shape, size Applications References
Cu NPs-a Hydrazine, starch Conventional heating  Cu Spherical, 20 nm — 14
Cu NPs-b Ascorbic acid, starch Conventional heating  Cu, Cu,O Cubic, 29 nm — 12
Cu NPs-c Hydrazine, starch Conventional heating  Cu Spherical, 50-70 nm — 13
Cu NPs-d Syzygium aromaticum Conventional heating  Cu Spherical, 20 nm Antibacteria, antifungi 66
bud extract
Cu NPs-e Ananas comosus peel Conventional heating  Cu Spherical, 53 nm — 67
extract, polyethylene
glycol
Cu NPs-f Fraxinus excelsior Sonication Unidentified  Spherical, 10 nm — 68
methanolic extract
Cu NPs (MG) M. glabra fruit extract, Sonication Cu Spherical, 23 nm Antibacterial, This work

starch

increasing the high surface area, leading to an enhancement in
PR removal. Conversely, there was a decline in PR removal with
a further increase in the Cat-Cu NPs (MG) dosage at 30 ppm,
which was caused by the turbidity of the suspension and the
accumulation of intermediate substances in the pore/on the
surface of the photocatalyst.®**® PR conversion varied in an
approximate range of 39-53-50% with 10 ppm Cat-Cu NPs
(MG), 53-98-88% with 20 ppm Cat-Cu NPs (MG), and 50-88-
58% with 30 ppm Cat-Cu NPs (MG) corresponding to NaBH,
concentration of 30-40-60 mM.

Fig. 13b was presented as a Pareto chart, illustrating the
frequency distribution of four categories: Rec*Rec, Cat*Cat,
Rec, and Cat. The bar graph indicated that the Rec*Rec and
Cat*Cat terms had the highest frequencies, each at approxi-
mately 75. These terms characterized a significant portion of the
total frequency, as shown by the cumulative percentage line,
accounting for 75% of the total frequency. Moving to the Rec
category, there was a noticeable drop in frequency compared to
the first two categories. This category still contributed to the
overall distribution with a smaller portion, bringing the
cumulative percentage to 89%. The smallest contribution
occurred from the Cat category with a further increase in the
cumulative percentage to 100%.

The optimal values of the operated parameters were deter-
mined by the optimized response. From the calculated results
in Fig. 13c, nanocatalyst dosages of 21.5 ppm and 51.8 mM
NaBH, were considered optimum values for PR removal. The PR
removal of the fabricated Cat-Cu NPs (MG) has been tested at
optimal conditions. The results in absorbance of PR and PR
conversion at various reaction times were illustrated in Fig. 13d
and e. The presence of PR was confirmed at 560 nm on the UV-
Vis spectra. It was observed that the absorbance of the PR
solution diminished gradually prolonging reaction time. The
equilibrium between PR and active sites of the nanocatalyst
occurred after 50 min. The process was evaluated on 10 ppm PR
solution by introducing 21.5 ppm Cat-Cu NPs (MG) and
51.8 mM NaBH,. The reaction mixture was stirred magnetically
thoroughly at continuous times. The removal process of PR dye
using the green-synthesized Cat-Cu NPs (MG) was significantly
high, reaching 97% for a 540 seconds reaction.
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anticancer cells,
antifungal, dye removal

A comprehensive analysis was conducted to compare our
findings with recent research, as presented in Table 8. Previous
studies encountered several challenges, including inadequate
exploration of operating parameters for the synthesis process
and unoptimized functional factors for dye removal. In certain
studies, the fusion of biogenic synthesis and modern process-
ing, particularly sonication, has led to the presence of uniden-
tified phases caused by the high amorphous state and bio-
capping of nanoparticles. The significant potential of M. gla-
bra plant extract as a reductant has been underexplored in
studies on metallic nanoparticles. In contrast, the synthesis of
Cu NPs (MG) harnessed eco-friendly agents by combining the
reductant from M. glabra fruit extract with the capping capa-
bilities of starch, further enhanced through sonication treat-
ment. This process achieved exceptional synthesis efficiency
without impurities in phase analysis by meticulously opti-
mizing synthesis parameters. As a result, it demonstrated
remarkable efficacy in harnessing the potential of Cu NPs (MG),
making them highly effective against Gram-positive bacteria (S.
aureus and B. subtilis) and cancer cells (MCF7, A549, KB, and
HepG2), particularly in combating two prevalent fungal strains:
F. solani and R. solani. Also, Cu NPs (MG) exhibited an effective
catalyst for PR elimination. These findings underscore the
pivotal role of the involved substances in enhancing overall
performance, offering promising applications in biomedicine,
agriculture, and the environment.

4. Conclusions

In this work, the utilization of M. glabra fruit extract, in
conjunction with starch as a stabilizer and sonication treat-
ment, has been vital for the successful synthesis of Cu NPs
(MG). This synthesis demonstrated significant biological effi-
cacy against a variety of microorganisms and effective removal
of PR. The FTIR analysis has highlighted the substantial
contribution of ascorbic acid, a key component within the M.
glabra fruit extract, and the stabilizer starch to this synthesis
process. Additionally, TEM images have clearly shown the
effective system stabilization achieved through the combined
action of starch and M. glabra fruit extract, enhanced by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sonication treatment, resulting in uniformly sized particles with
an average diameter of 22.5 nm. Leveraging these exceptional
attributes, Cu NPs (MG) has exhibited a unique ability to inhibit
cancer cells (A549, HepG2, KB, and MCF7) and Gram-positive
bacteria (B. subtilis and S. aureus). Cu NPs (MG) nanomaterial
has also displayed significant antifungal activity against two
challenging fungal strains (F. solani and R. solani) with ICs,
values of 80 and 111 ppm, respectively. Remarkably, Cat-Cu NPs
(MG) was considered an effective PR elimination catalyst,
reaching 97% after a 540 seconds reaction. This study under-
scores the promising properties of Cu NPs (MG) synthesized
with the assistance of M. glabra fruit extract, paving the way for
potential applications in eco-friendly nanotechnology,
biomedicine, and environment.
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